In this study, based on the Environmental Kuznets Curve (EKC) framework, we empirically examine the effects of trade openness and the level of economic development on pollution emission across the Chinese provinces. Our regression analysis shows that increasing trade openness contributes to higher pollution emission, where the effect of the former may be realized through its impacts on total factor productivity and the industry mix. Our analysis also shows that with the continuous growth of output and per capita output, pollution emission and pollution emission intensity both first rise and then fall, which gives support to the EKC hypothesis.
Introduction
Thanks to the market-oriented reforms initiated in the late 1970s, China has achieved spectacular growth in the past several decades, and its economic structure has experienced great transformation. In the meantime, the whole country has also gradually opened up to foreign trade and foreign direct investment, transforming itself from a virtually completely closed economy into a major trading nation and the largest developing-country destination for foreign direct investment in the world. The ratio of foreign trade to GDP quadrupled from 9 percent in 1980 to 36 percent in 2000, over a period of twenty years.
Early studies within the EKC framework focused on the effect of economic development on environmental degradation Krueger, 1993, 1995; Selden and Song, 1994; Vincent, 1997; Gale and Mendez, 1998) . However, the relationship between income growth and the environment may vary with the source of income growth, as different types of economic activities have different pollution intensities (Abdulai and Ramcke, 2013) . In other words, the pollution consequences of economic growth depend on the underlying sources of growth (Antweiler, Copeland and Taylor, 2001) . Further, the simplest EKC framework does not account for the effects of foreign trade on the environment. In fact, trade patterns may partially explain reductions in pollution in high-income countries and meanwhile increases in pollution in low-income countries. Specifically, the pollution haven hypothesis postulates that disparities in the stringency of environmental regulations between developed and developing countries will generally lead to increased pollution-intensive production in the developing countries (Cole, 2004) . The factor endowment hypothesis, in comparison, argues that determined by trade and specialization patterns, countries that are relatively abundant in factors used intensively in polluting industries will generate more pollution as trade barriers are lifted (Mani and Wheeler, 1998) .
We are interested in uncovering the environmental implications of China's processes of opening up and economic development. In this paper, therefore, we empirically examine the effects of trade openness and the level of development on pollution emission across the Chinese provinces. Environmental resources are unpaid factors of production in an unregulated market, as the cost of pollution is not internalized. Pollution emission thus can be viewed as an additional factor of production (besides labor, capital, etc.) into the aggregate production function (Tzouvelekas, Vouvaki and Xepapadeas, 2006) . To examine the effects of foreign trade and economic development on pollution emission in China is effectively to see whether China is contributing a substantial amount of environmental resources to the production of its total economic output. Under a green Solow growth framework (see, for example, Brock and Taylor, 2004) , environmentally sustainable development in China requires that while technological progress in goods production is necessary to generate per capita income growth in the Chinese regions, technological progress in these regions in terms of emission reduction must exceed growth in output in order for pollution to fall and the environment to improve (Jiang, 2013) . This paper is organized as follows. In Section 2, we present our basic model. In Section 3, we discuss issues related to the sample, data and variables. In Section 4, we present and discuss our regression results. Section 5 extends our analysis to incorporate the possibility of strategic interaction among provinces into our regression model. Finally, Section 6 concludes.
The Basic Model
To consider the theoretical model, we assume that aggregate output of a given single-sector economy at time t is linked its various production factors by an aggregate production function of the form
where K is the level of physical capital stock, L is the amount of human labor, N is the quantity of natural resources used in the production process, and A stands for the level of technology or total factor productivity. The simple idea behind our theoretical model is that the production process itself generates pollution emission, which means that the amount of pollution emitted is not directly related to the level of aggregate output, but to the quantities of the various production factors (including total factor productivity) employed in the production process. Therefore, the amount of pollution emitted can be treated as a function of the various arguments in (1). Formally, for this given economy, we can write 
which is implicitly determined by the functional relationship in (1). Plugging (3) into (2) yields
where the second equality redefines the function. Equation (4) 
where the  's are respectively the shares of economy-wide
in sector j , with the sum of all the  's equaling one for any t . Total pollution emission of the whole economy at time t is now written as
Therefore, the total economy-wide pollution emission is determined by
in which ) (t Φ is a vector containing all the  's.
The empirical model used in our analysis is directly based on Equation (7), with openness to foreign trade incorporated into the regression specification as an additional explanatory variable. Our baseline econometric model, which takes account of the EKC framework and applies a panel data structure, is then expressed as follows E , netting out the effects of regional output, regional population and regional physical capital stock. It should be noted that according to Equation (7) above, when Y , K and L are controlled for, regional trade openness can only affect regional pollution emission E through its impacts on Φ and N . To fix ideas, suppose (fictitiously) for the moment that all the elements in Φ are held fixed, then with Y , K and L being controlled for, trade openness can only affect the level of E by affecting the level of N employed in the production process. According to Equation (3), this is equivalent to saying that with Y , K , L as well as all the elements in Φ held fixed, trade openness can only affect the level of pollution emission E by affecting the level of total factor productivity A . Now suppose, instead, that the level of N (besides the levels of Y , K and L ) is held fixed, then according to Equation (7), we see that trade openness can now affect the level of E only by affecting the shares in Φ . In sum, our regression specification in (8) captures two different channels through which regional openness to foreign trade may exert impacts on regional pollution emission. First, trade openness may affect pollution emission by affecting total factor productivity. Second, trade openness may affect pollution emission by affecting the industry mix. 
The Data
Our sample includes 28 provincial-level regions (provinces for short) in China over the period of 1997-2010. 1 We use the total volume of provincial industrial waste gas emission (in 100 million cubic meters) to proxy for total provincial pollution emission it E of a Chinese province (province i ) in any given year (year t ). Cross-sectional data on provincial industrial waste gas emission for each year in 1997-2010 are available from the Chinese Statistical Yearbook (the issues of 1997-2011) so that the panel of data on it E can be obtained. Cross sections of provincial population for each year in 1997-2010 can also be found in the Yearbook (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) so that the panel of data on it L can be directly obtained. Cross sections of nominal Gross Regional Product (GRP) and GRP indices for each year in 1997-2010 are also available from the Yearbook (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) , so that the panel of data on real provincial GRP can be calculated for it Y . However, the various issues of the Chinese Statistical Yearbook do not directly record data on provincial physical capital stock it K for the Chinese provinces. Therefore, to calculate the levels of provincial physical capital stock, we opt for the procedure of Zhang (2008) , who applies a perpetual inventory method (PIM) to calculate physical capital stock data for the Chinese provinces. The PIM procedure of Zhang (2008) leads to an annual rate of depreciation for fixed capital formation of 9.6% across all the provinces over the period . In our current analysis, by following the same procedure, we therefore assume that the annual depreciation rates of physical capital are uniformly 9.6% for all the 28 provinces throughout our sample period 1997-2010. 2 The trade openness variable it T is constructed as the ratio of provincial foreign trade (exports plus imports) to provincial GRP, where data on the values of provincial exports and imports are also available from the Chinese Statistical Yearbook (the issues of 1997-2011). In a broader sense, regional openness to foreign trade can be understood as a proxy for the general level of regional openness to overall international economic activities. In fact, it may be more interesting to investigate the effect of regional openness to overall international economic activities (rather than openness to foreign trade in the narrow sense) on regional pollution emission. However, using trade openness to proxy for openness to overall international economic activities may give rise to a problem. A large province (in terms of output or population) may tend to have relatively less foreign trade, as there is a larger scope for trade within the province. In addition, a rich province (one with a high level of per capita output) may be biased toward having a lower level of trade-to-output ratio, because as the province develops, the share of the service sector tends to increase while the service sector is largely non-tradable (Low, Olarreaga and Suarez, 1998) .
One way to tackle this problem is to adjust the trade openness variable (i.e. the trade-to-output ratio) so as to take account of disparities in region size and the level of regional development. We can consider a regression such as the following one, in which we regress the regional trade-to-output ratio (in the log form) on a set of variables measuring the region size (in terms of both output and population) and the level of regional development . We run a pooled ordinary least squares (OLS) regression according to (9) 
where the ˆ's are the values of the intercept and slopes in (9) estimated from our pooled OLS regression. The fitted value it Tˆ, calculated according to (10), indicates what the "normal" or average degree of openness of a Chinese province would have, given the level of regional output and the size of regional population. Based on this idea, the adjusted regional openness variable can be constructed as
Or equivalently
which shows that the adjusted regional openness variable it T   ln (in the log form) is actually the residual it v obtained from our pooled OLS regression based on (9).
We should note that our baseline regression specification in (8) 
One merit of this new specification in (13) is that it controls for everything that is controlled for in (9), so that technically, it makes no difference whether it is it T ln or it T   ln that really appears on the right-hand side of Equation (13). In our analysis below, for comparison purposes, we run regressions based on both (8) and (13).
Before we turn to our regression analysis, we informally examine the relationships between regional pollution emission (per unit of output) and several other variables in order to gain an intuitive idea of the descriptive statistics of our sample. First, we depict the relationship between regional pollution emission intensity (i.e. pollution emission per unit of output) and regional trade openness in Figure 1 , using pooled data of all the provinces over the whole sample period of 1997-2010 (392 observations altogether). The figure suggests a negative relationship between the two: the more open the province is to foreign trade, the lower the level of its pollution emission per unit of output (without controlling for other factors). Next, we show the relationship between regional pollution emission intensity and regional per capita output in Figure 2 , also using pooled data of our entire sample period. The figure suggests a negative relationship between the two variables: 61 the higher the provincial per capita output, the lower the provincial pollution emission intensity. Both Figures 1 and 2 find negative relationships. These findings are suggestive, but they are not very much compelling unless we can establish a ceteris paribus causal linkage, which we will attempt to do in our regression analysis to come. Besides the relationships depicted in Figures 1 and 2 , we are also interested in seeing the linkage between regional pollution emission intensity and regional capital-output ratio. This is because we are interested in seeing the relationship between pollution emission intensity and investment, and according to the traditional Solow growth model the capital-output ratio is proportional to the investment rate along a balanced growth path. Therefore, in Figure 3 , we depict the relationship between regional pollution emission intensity and regional capital-output ratio (pooled data). Unlike the two previous figures, Figure 3 does not seem to show any discernable pattern of the relationship between the two variables.
Figure 3. Regional Pollution Emission Intensity and Regional Capital-Output Ratio Regional pollution emission intensity ln(E/Y) is depicted on the vertical axis while regional capital-output ratio ln(K/Y)
is depicted on the horizontal axis (both are in the log form).
Regression Results
We use an annual data setup in our regression analysis: each period t in Equations (8) and (13) pertains to a calendar year. There are 14 calendar years in our sample period of 1997-2010. Therefore, technically, we use 13 time (year) dummy variables, along with a common intercept, to take account of the time intercept t  in (8) and (13). Our regression results are summarized in Tables 1 and 2 . The regressions in Table 1 are based on Equation (8) while those in Table 2 are based on Equation (13). Of the different regressions included, our preferred method is the fixed effects (FE) estimation as it controls for the time-constant province heterogeneity, but the other estimations (i.e. the first-differencing (FD), the random effects (RE), and the OLS estimations) are also included only for comparison purposes. 3 To save space, in both tables, the estimated time intercepts (i.e. the estimated coefficients on the time dummy variables, along with the common intercept) are not reported.
The FE estimation in Table 1 is significantly positive, which is about 0.12. This result suggests that once we have controlled for provincial output, population, and physical capital stock, provincial trade openness would have a positive effect on provincial pollution emission. As discussed earlier, when regional output, population, and physical capital stock are controlled for, regional trade openness may affect regional pollution emission by affecting either the level of aggregate total factor productivity or the regional industry mix (i.e. the relative shares of the output and inputs across different sectors). Both the FE and FD methods have the desirable feature of explicitly controlling for the unobserved province effects. However, the choice between FE and FD hinges on the assumptions about the idiosyncratic errors. Generally, the FE estimator is more efficient if the errors are serially uncorrelated while the FD estimator is more when the errors follow a random walk. 4 Statistic significance mentioned in this study is always associated with the usual 5% level unless otherwise stated. Standard errors are in parentheses. * and ** denote significance at the 10% and 5% levels respectively. To save space, the estimated time intercepts (i.e. the estimated coefficients on the time dummy variables, along with the common intercept) are not reported in the table.
The estimated coefficient on it L ln , which is -9.773, and the one on its squared term, which is 0.640, are both significant. The partial effect of
. According to our model earlier, as both it Y and it K are controlled for in the regression equation, a change in it L must be associated with a change in either the level of total factor productivity or the level of resource input, or both. Our result shows that the partial effect is negative when it L ln stays low (lower than 7.635) and is positive when it L ln becomes high (higher than 7.635). In our current sample, the maximal, minimal and average values of it L ln are 9.238, 6.198 and 8.157, respectively. Therefore, provincial pollution emission (intensity) first falls and later rises as provincial population grows (with other explanatory variables being controlled for). L are controlled for in the regression specification, a change in it K must be associated with a change in either the level of total factor productivity or the level of resource input, or both. Our result suggests that the partial effect is positive when it K ln is low (lower than 10.036), and negative when it K ln is high (higher than 10.036). In our current sample, the maximal, minimal and average values of it K ln are 10.036, 4.795 and 7.717, respectively. Therefore, for our specific sample, provincial pollution emission (intensity) increases as provincial physical accumulates (with other explanatory variables being controlled for). Standard errors are in parentheses. * and ** denote significance at the 10% and 5% levels respectively. To save space, the estimated time intercepts (i.e. the estimated coefficients on the time dummy variables, along with the common intercept) are not reported in the table.
Extended Analysis
The analysis above takes each Chinese province as an isolated region and does not consider potential strategic behavior among the provinces with respect to pollution emission. In this section, we incorporate strategic interaction among the provinces into our model. Regional pollution emission is related to the pollution abatement effort of the local government. However, local governments in China often have little incentive to favor greater effort in environmental protection and pollution abatement. Since the early 1990s, local governments have been experiencing budget deficits every year, and have relied heavily on transfers from the central government, which largely depends on value-added tax rebates. As value-added tax rebates are related to local output growth, local governments in China have strong incentives to increase local output (in order to increase revenue transfers), but have little incentive to protect the environment (Co, Kong and Lin, 2008) . Therefore, the Chinese provinces may interact strategically in deciding on their levels of efforts in pollution abatement.
There are at least three reasons for possible strategic interaction among the provinces in the current case. The first reason is related to interregional competition for resources. For example, different provinces may interact strategically to attract and retain investment, foreign and domestic, which is often pollution-intensive, by racing down to the bottom of their environmental standards (Smarzynska and Wei, 2001; King, 2011) . Secondly, there may exist interregional spillovers associated with the benefits from environmental protection and pollution abatement. A province may choose its level of effort in pollution abatement in response to pollution abatement spillovers it receives from other provinces (see, for example, Brueckner, 2003) . Thirdly, interregional strategic interaction in pollution abatement behavior may also exist as a result of "information spillover" (see, for example, Besley and Case, 1995) . For example, residents of a province may compare and evaluate their local government's performance in pollution abatement and environmental protection against other provinces, so that the local government may feel pressured to mimic the environmental policy of (say) a neighboring province. Standard errors are in parentheses. * and ** denote significance at the 10% and 5% levels respectively. To save space, the estimated time intercepts (i.e. the estimated coefficients on the time dummy variables, along with the common intercept) are not reported in the table.
Taking this possible strategic interaction into consideration, we modify our earlier models into the following specification Standard errors are in parentheses. * and ** denote significance at the 10% and 5% levels respectively. To save space, the estimated time intercepts (i.e. the estimated coefficients on the time dummy variables, along with the common intercept) are not reported in the table.
Concluding Remarks
In this study, we focus on uncovering the environmental implications of China's processes of opening up and economic development. We empirically investigate the effects of trade openness and the level of development on pollution emission across the Chinese provinces. By using panel data of 28 provinces in China over the period of 1997-2010, our regression analysis shows that when provincial output, population, physical capital stock as well as the unobserved province effects are properly controlled for, provincial openness to foreign trade tends to contribute to more serious provincial pollution emission. The effect of regional trade openness on regional pollution emission is supposedly realized through the impacts of the former on regional total factor productivity and the regional industry mix (the relative shares of the output and inputs across different sectors). In addition, our regression analysis also shows that along with continuous increases in regional output (and per capita output), regional pollution emission (and pollution emission intensity) would first rise and then fall, which conforms to what the EKC hypothesis predicts. By the same token, with provincial output, provincial physical capital stock as well as the unobserved province effects being properly controlled for, provincial pollution emission (and pollution emission intensity) would first fall and later rise as provincial population grows.
One important implication of our model and analysis in this study is that, when the effects of regional output, population, physical capital stock, as well as the unobserved region heterogeneity are properly taken account of, regional total factor productivity, which is associated with regional openness to foreign trade, is considered to play a crucial role in affecting regional pollution emission. Trade openness promotes aggregate total factor productivity. However, if a higher level of total factor productivity induces more pollution emission, this would indicate that such growth in total factor productivity is not totally "green" or environmentally sustainable. If this is the case, then increasing openness to foreign trade may lead to more serious pollution and a worsening environment, just as our regression analysis above has suggested. Given the findings of this study and their implications, the relationship between foreign trade, economic development and the environment should be brought under further scrutiny.
